Introduction

26
As the bakery business is being concentrated and rationalized, increasing use is made of freezing 27 technology in production and distribution (Le Bail et al., 2012) . Freezing allows a separation in time 28
and space of process operations that would traditionally be performed in one run and in one place. 29
In bread-making, freezing is used at several stages of production: for non-fermented or partly-30 fermented dough, for partly or fully baked products (Le Bail et al., 2012) . Depending on the 31 application, the products are kept frozen for a few hours or for several weeks or months. A large 32 variety of equipment, including shock-freezers, fermentation interrupters, climatic chambers, and 33 cold storage rooms are used for realizing the operations of freezing, cold storage and thawing. 34
Although the intention when using freezing is to keep the product in a steady state, in practice a 35 number of physical and chemical phenomena occur, affecting the quality of the final product in a 36 mostly negative way. Among these phenomena, the formation of ice crystals is believed to be of 37 (1) Ice crystals are made of pure water which is being separated from the product matrix. 39
Cryoconcentration occurs in the liquid phase, which may influence the solubility of proteins and the 40 activity of enzymes. During storage, ice crystals grow due to recrystallization, especially in the pores, 41 thus further modifying the distribution of water in the product. (2) Ice crystals may mechanically 42 damage the dough components, especially the gluten network and the yeast cells, because the 43 freezing front exerts stress on the surrounding material. This effect is believed to be more 44 pronounced as the crystal size increases due to recrystallization. 45
In order to optimize the recipes and the production processes of frozen baked goods, it is essential to 46 be able to monitor the phenomena occurring in the products in the frozen state. Based on the fact that confocal Raman microscopy has shown to be suitable for characterising both 80 ice crystals and the main components of cereals, our objective was to develop a measurement 81 method appropriate for investigating the microstructure of frozen bread dough. 82 
Experimental
Raw materials and equipment
84
The following ingredients were used in the experiments: Wheat flour type 550 (Roland Mühle, 85
Germany), compressed yeast (Frischhefe, Deutsche Hefewerke GmbH, Germany), and salt (Suprasel 86 fine, Suprasel, The Netherlands). 87
Raman measurements were performed on a WITec Alpha 300R microspectroscopy system equipped 88 with a frequency-doubled Nd:YAG laser (λ = 532 nm), an UHTS300 Raman Spectrometer (grating: 600 89 grooves/mm, pixel resolution <0.09 nm) with a Peltier-cooled DV401A-BV CCD detector (peak 90 quantum efficiency at ̴ 550 nm and -60°C: >95%) and a 50x LWD objective, operated in a cold 91 laboratory at -15°C at the Alfred-Wegener Institute. The laser power on the sample was <30mW. 92
Assessment of Raman spectra of single dough components
93
The Raman spectra of ice, liquid water, starch, gluten, and yeast were assessed using the following 94 procedure. 95
Sample preparation
96
A 3.5% (w/v) salt solution in bidistilled water was prepared. One droplet of this solution (20 µL) was 97 placed on a microscope slide, covered with a cover slip using a 2 mm spacer to standardize thickness, 98 and frozen at -20°C. In this way ice crystals and a liquid phase (cryoconcentrated salt solution) wereminimal extent, as its main component NaCl (≥ 99,8 % according to the supplier's specification) has 101 no molecular vibration. 102
Wheat flour was hydrated and separated into a starch suspension and a wet gluten piece using a 103
Glutomatic 2200 from Perten Instruments, Sweden. One droplet of the starch suspension was placed 104 on a microscope slide, covered with a cover slip using a 2 mm spacer and frozen at -20°C. The same 105 was done with a small portion of the wet gluten piece and of the compressed yeast block. 106
Measurement
107
The Raman spectrum of each of the samples representative for the individual dough components 108 was measured at 10 different points, with 20 accumulations of 1 s each per point, and the average 109 spectrum was calculated for each component. 110
Dough sample preparation
111
Three frozen dough samples were prepared at three different days in the following way: 50 g of 112 wheat flour, 28 g of bidistilled water, 1.5 g of compressed yeast and 1 g of salt were mixed and 113 kneaded to a dough in a Brabender Farinograph AT at 20°C. The mixing time was 2 minutes at 36 rpm 114 and the kneading time 4 min at 63 rpm. After kneading, the dough was allowed to rest for 15 min at 115 room temperature. Subsequently, a small piece (approx. 250 mg) of the inner part of the dough was 116 cut out, placed on a microscope slide, covered with a cover slip using a 2 mm spacer and frozen 117 at -20°C. 118
Confocal Raman microscopy of frozen dough samples
119
On the day following preparation, the samples were transferred to the microscopy laboratory 120 at -15°C. Before measurement, the samples were kept for at least one hour at -15°C to stabilize at 121 that temperature. 
Confocal Raman microscopy: data processing and imaging
126
The data from the area scans were processed in two different ways to produce images showing the 127 spatial distribution of the single dough components (ice, liquid water, starch, gluten and yeast). 128
In the first method, single Raman bands characteristic for each component were integrated. 129
Monochrome images were generated representing the intensity of the individual bands at each 130 measurement point. The spectral ranges of the chosen bands are given in Table 1 and are marked in 131 blue in Figure 1 . 132
The second method considered the full Raman spectra instead of single bands. In that method, the 133
Raman spectrum measured at each point of the sample was assumed to be a linear combination of 134 the spectra of the single dough components. After performing a 3 rd order polynomial background 135 subtraction on all spectra, a multiple linear regression was completed using the function Basis 136
Analysis of the WITec Project software (release 2.10, WITec GmbH, Ulm, Germany). The assessed 137 regression coefficients were used as indicators of the concentration of the individual dough 138 components, and corresponding monochrome images were generated. This method is well 139 established in confocal Raman microscopy and was used among others by Jääskeläinen et al. (2013) . , which is attributed to the 155 stretching vibration of the carbon network of starch, was not found in spectra of the other dough 156
components. The gluten spectrum shows a higher base signal, due to fluorescence, and a series of 157 bands that were described and which assignment was discussed by . As in starch, the 158 CH stretching band is strongly represented. The band in the range of 1645-1690 cm -1 is attributable, 159 at least partly, to amide I (see "band position and assignment" in the discussion). which was assigned by the latter authors to tryptophan, appears to be specific for yeast in the 164 studied dough system in terms of intensity -gluten and to a lesser extent starch also have bands in 
Raman images of frozen dough
Unambiguous identification and imaging of the single dough components 223
As discussed above, starch and ice have good single band indicators in the frozen dough system, and 224 it is not surprising that for these components both data processing methods lead to similar pictures. 225
The pictures generated by multiple linear regression show less noise and are therefore sharper, 226 probably due to the fact that they are based on a broader data basis. In the case of gluten, a good 227 match between the pictures obtained from both data processing methods is observed as well. 228
The identification and imaging of yeast has a lower level of confidence, due to the limitations 229 described above. The noise observed on the images can be explained by the fact that gluten and 230 starch also have weak bands in the chosen spectral range. Imaging of yeast using multiple linear 231 regression was not successful, as the generated images were obviously wrong (no cell shape); this is 232 (Smith et al., 2000) . 244
The most interesting, and really novel aspect, is the distribution of ice. The structure of ice as a 245 continuous phase (crystal network) within the frozen dough has not, to our knowledge, been 246 reported elsewhere so far. This continuous structure may be of importance for understanding 247 damage to the other dough components, especially to gluten which also has a network structure -248 meaning that in the frozen state, the gluten network and the ice crystal network coexist and are 249 embedded in one another. 250
Conclusions
251
In our investigations, confocal Raman microscopy allowed a reliable identification and imaging of 252 starch, ice and gluten; yeast and liquid water were identified with a lower degree of confidence. The 253 method is non-destructive and does not require any staining. 254
The unambiguous identification of ice based on its specific Raman spectrum (specific OH stretching 255 band) allows visualising the structure of ice within the frozen dough matrix. The structure of ice as a 256 network rather than isolated crystals represents a new finding that helps understanding the 257 interactions between the dough components in the frozen state. 258
We suggest that the technique described in this paper may be useful to study the influence of 259 different freezing and storage conditions, of different storage times, and of specific ingredients such 260 as ice structuring proteins, on the ice network structure in frozen dough. Such investigations may be 261 conducted either on a model system like in this study (dough frozen on a microscope slide), or on 262 microtome sections of real-life frozen products. Tables   330   Table 1 
